This paper presents the results of a study based on data collected during the oceanographic cruise ANSIC 2001 carried out in the Ionian Sea during the explosive activity of Mount Etna in the summer of 2001. Anomalous low values of Y/Ho ratios in seawater suggest extensive scavenging processes on the surfaces of smectitic alteration products, with Y and Ho fractionation controlled by the differences in their electronic configurations and behaviour during solution/surface complexation equilibria. These processes can also be traced through the presence of significant tetrad effects recorded in the chondrite-normalised Rare Earth Elements and Yttrium (YREEs) patterns of suspended particulate matter. This suggests that the preferential Y scavenging from seawater is due to the formation of inner-sphere complexes with OH À groups on montmorillonite crystal surfaces. The preliminary results of kinetic experiments of YREE released from volcanic ash to coexisting seawater, and the related effects on Y/Ho ratios and Ce anomalies, are consistent with the fractionation of Light Rare Earth Elements (LREEs) with respect to Heavy Rare Earth Elements (HREEs) observed in dissolved phase. They suggest a behaviour of Y similar to that reported for LREEs, particularly for Ce and Pr.
INTRODUCTION
Intense research activity during the last 25 years has focused on a more accurate understanding of the chemical and physical processes that regulate the distribution of Rare Earth Elements and Yttrium in seawater (Goldberg et al., 1963; Cantrell and Byrne, 1987; Elderfield, 1988; Goldstein and Jacobsen, 1988; Greaves et al., 1991) . This research has aimed to: (i) evaluate their status of complexation (Cantrell and Byrne, 1987; Koeppenkastrop et al., 1991; Koeppenkastrop and De Carlo, 1992; Lee and Byrne, 1992; Millero, 1992) ; (ii) recognise YREE fractionation processes between dissolved and suspended phases (Elderfield et al., 1990; Alibo and Nozaki, 1999; Tachikawa et al., 1999; Quinn et al., 2004) ; (iii) examine the capability of YREEs as tracers of anthropogenic inputs both in rivers and coastal waters, especially in areas characterised by high population densities (e.g., Bau and Dulski, 1996) ; and (iv) evaluate the input mechanisms of these elements in seawater from atmospheric and riverine loads (Sholkovitz, 1993; Sholkovitz et al., 1999; Hannigan and Sholkovitz, 2001; Aubert et al., 2002) .
Studies concerning the release of YREEs during rockwater interaction are scarce (Bau et al., 1998; Sholkovitz et al., 1999 : Takahashi et al., 2002 Bau et al., 2004) , and there is little data on the processes that regulate the alteration of volcanic materials at low temperature and in seawater (e.g. Pichler et al., 1999) .
In particular, the fate of YREEs during the latter processes is influenced by:
• Their behaviour in the dissolved phase, strongly driven by hydrolysis and complexation equilibria (Byrne and Li, 1995; Byrne and Liu, 1998; Klungness and Byrne, 2000; Luo and Byrne, 2004; Sonke and Salters, 2006; Pourret et al., 2007) ; • Their sorption (surface complexation) on particles and colloids (Davranche et al., 2004 (Davranche et al., , 2005 ; • Their scavenging effects on the alteration surfaces of newly formed mineral phases.
These mineral phases are essentially represented by poorly-crystallised montmorillonite-like phases that show both permanent negative charges in surface layers, due to isomorphic substitutions, and pH-dependent charges located on the hydroxyls, at the edges (Tombácz and Szekeres, 2004) . The behaviour of the dissolved YREEs in the presence of montmorillonite was investigated by Takahashi et al. (2004) , and Coppin et al. (2002) , although the latter authors excluded Yttrium from their investigation.
The intense volcanic activity of Mount Etna during 2001 provided a unique opportunity to simultaneously monitor YREE distribution in unaltered atmospheric particulate matter, seawater, and suspended particulate matter (SPM). The eruption took place on the upper slopes of Mount Etna between July 13 and August 9.
This study combines extensive data sampling, precise YREE compositional data, and the results of reaction kinetic experiments to fill the knowledge gap regarding Lanthanide release to seawater during volcanic activity. Furthermore, we recognise that the ''anomalous'' Y/Ho ratios in seawater observed in this study represent a geochemical proxy indicative of the adsorption processes occurring in the marine environment.
SAMPLING STRATEGIES AND ANALYTICAL METHODS

Sampling
Samples were collected during the ANSIC 2001 cruise at six sampling stations along the Ionian coast of Sicily in the early summer of 2001, aboard the RV ''Urania'' (Fig. 1) . The sampling system consisted of a Neil-Brown CTD rosette frame and 24 · 12 l teflon-lined GoFlo bottles. Upon recovery of the GoFlo bottles, water samples were immediately filtered through 0.2 lm Millipore Ò filters using a teflon filtering manifold in order to reduce further dissolution of the labile particulate fraction (FengFu et al., 1997) ; they were then acidified to pH 1-2 with HNO 3 Merck, ULTRAPURE Ò . All the water samples were processed in a laminar flow clean bench to minimise contamination, and all sampling materials were previously cleaned with high purity grade reagents (Merck, ULTRA-PURE Ò ). All the materials used to collect and manipulate water samples were plasticware and were acid cleaned with 1:10 hot high purity HNO 3 solutions.
Volcanic ash was collected during the activity of Mount Etna with a polyethylene plate with a surface area of 1 m 2 that was located on the roof of the Department of Geology of the University of Catania for 5 days in July 2001 (no rainfall occurred in this period). At the end of the collection period, the thickness of volcanic ash was measured to be about 2.15 cm.
Seawater analysis
In order to increase the accuracy of the seawater YREE analysis, each sample (2000 ml) was pre-concentrated with CHELEX 100 Ò (200-400 mesh) chelating resin. The pH value, measured according to Butler et al. (1985) , Dickson (1993a,b) , and Millero et al. (1993) , of each seawater sample was adjusted to 6.0 with CH 3 COONH 4 , as described by Mö ller et al. (1992) . The sample was loaded into an 8-cm long column filled with CHELEX-100, which had been previously cleaned and conditioned according to Paulson (1986) . YREEs were eluted with 5 ml of HNO 3 3.5 M, yielding a 400-fold enrichment factor. Details of the procedures are reported in Paulson (1986) and Mö ller et al. (1992) . Briefly, pH values in studied seawater samples were measured by a potentiometric method based on sequential measurements of the electromagnetic force of a cell, both in a buffer solution of defined pH and in the seawater sample, and referred to the total pH scale. In order to reduce the effects of the residual liquid-junction potential, standard buffer solutions were prepared using CH 3 COONH 4 buffered synthetic seawater (35‰ salinity), according to Demianov et al. (1995) .
In order to remove their YREE contents, 10 l of a seawater batch solution, hereafter referred to as SEA-1, were divided in five 2-l aliquots, each of which were filtered through a 0.2-lm filter, pH adjusted to 6.0, and loaded into an 8-cm long column filled with CHELEX-100, as previously described. Trace element scavenging on an ion exchange resin was repeated five times to ensure their complete removal. The efficiency of this approach was demonstrated by Mö ller et al. (1992) and Censi et al. (2004 Censi et al. ( , 2005 , and by the results obtained in this work (Table 1) . A 500-ll aliquot of a standard solution of known YREE concentration was added to 5 l of the trace metals free seawater to yield an artificial seawater solution, hereafter referred to as SOL-1 (Table 1) . The obtained solution was subdivided in five different aliquots labelled EL-1, EL-2, EL-3, EL-4, and EL-5, respectively. These were used to measure the recovery of each YREE, estimated based on the analysis of the five replicate samples. The results of estimated recovery for each YREE are reported in Table 1 and range from 88% for Er to 96% for Ce. The anal- Table 1 Recoveries for each YREE calculated, after CHELEX-100 exchange resin treatment, for five different aliquots (EL-1-EL-5) of spiked, traceelement-free, seawater yses carried out on SOL-1 were also used to verify the potential contribution of trace elements released from the chemicals used during concentration procedures. Details of the adopted technical procedures are fully described in Censi et al. (2007) .
Suspended particulate matter (SPM)
SPM (about 0.015 g) was collected on a 0.2-lm Millipore filter from approximately 6 l of seawater. In order to collect both its labile and detrital fractions, the samples of seawater were not acidified before filtration (FengFu et al., 1997) . After weighing, with ±0.01 mg accuracy, the recovered fractions were digested as reported in Censi et al. (2004) using a microwave oven (CEM Mars 5) equipped with TFM vessels to which an acid solution was added with proportions HCl/HNO 3 /HF = 4:4:4 (total volume = 12 ml). After complete dissolution, the acid excess was removed to incipient dryness using a Microvapä apparatus. Then, 5 ml of nitric acid (65% v/v) were added to the sample solutions, diluted to 100 ml with Millipore Ò water, and finally transferred into clean 100 ml polycarbonate bottles. The solutions were analysed directly after dilution (1:50) with 5% HNO 3 (Merck, ULTRAPURE Ò ) and addition of a Rh internal standard (0.97 nmol l À1 ).
Volcanic ash
Mineralogical composition of the ash samples was investigated by X-ray diffractometry, using a Ni-filtered Cu-Ka radiation and a Siemens 5500 X-ray spectrometer.
The 10-50 lm fraction of freshly erupted volcanic ash selected for kinetic experiments was ultrasonically cleaned in pure water (18.2 MX cm
À1
) for 12 h, and then dried. The specific surface area of ash was estimated at 0.44 m 2 g À1 , and the ash surface to water volume during the cleaning procedure ranged between 5435 and 1089 cm
, as a function of the solid particle size (10-50 lm). Although this procedure may potentially cause unpredictable dissolution of the finest particles, it turned out to be appropriate for removing any soluble substances adhering to the particle surfaces, thus avoiding formation of secondary materials and consequent deposition on activated surfaces of larger particles. Four different 50 g aliquots of this fraction were placed in 500 ml Nalgene Ò bottles. The final ash surface to volume ratio of the solution used during leaching experiments (S/V) was fixed between 110 and 22 cm À1 . These S/V values are comparable to those used by Mö ller and Giese (1997) and Techer et al. (2001) during leaching experiments of powder basaltic materials in pure water under closed system conditions. Moreover, Etna's eruptive activity of 2001 was the most intense recorded in the last 300 years, with an estimated quantity of $7 · 10 6 m 3 of volcanic ejecta (Behncke and Neri, 2003; Clocchiatti et al., 2004; Lautze et al., 2004) . Assuming that the accumulation of volcanic ash (size <50 lm) deposited at the sea surface of the sampled area (approximately $800 km 2 ) for the entire period of Etna's eruption is comparable to that measured at the roof of the Department of Geology of Catania ($2.15 cm m
À2
/5 days), we estimated a S/V ratio ranging between 52 and 5 cm
À1
, from 1 m and 10 m deep water layers, respectively. This is of the same order of magnitude as that used during the kinetic experiments. However, we do not know the dispersal effects caused by local winds on the main ash plume, or potential influences on the settling dynamics of particles through the water column. This information should be taken into account when comparing the results of kinetic experiments with those obtained from natural systems. Bau et al. (1997) . YREE abundances in chondrite are derived from Sun and McDonough (1989) . (Nozaki et al., 1997) [Ho] (mmol kg (Censi et al., 2007) and the linear trend of Nozaki et al. (1997) , calculated for the open ocean, are reported for comparison. Table 3 Sampling depth and YREE concentrations measured in the SPM at the six sampling stations Y/Ho ratios, Ce and Eu anomalies and t3 index calculated for tetrad effect in the Gd-Tb-Dy-Ho group are also listed. Measurement uncertainties as in Table 1 .
The trace-element-free seawater (described in Section 2.2) was used to fill each bottle with the aliquots of volcanic ash (500 ml per bottle).
Results from leaching experiments are generally reported for pure water (e.g., Mö ller and Giese, 1997; Bach and Irber, 1998; Bau et al., 1998) , and adsorption processes are investigated in a solution of known composition (Coppin et al., 2002; Takahashi et al., 2004) . In order to compare the results obtained from our leaching experiment with literature data, we favoured the use of a trace-element-free seawater. However, we appreciate that the presence of the complexes of trace elements in ''true'' seawater significantly influences the interaction of the ligands with labile trace elements present in the volcanic ash. Actually, it could effectively render the trace-element-free seawater similar to an ''activated'' solution, with ligands that are more available for binding with new trace elements, thus influencing the extent of REE enrichment as well as any fractionation between individual REE (e.g., Y and Ho) during water-rock interactions. Thus, directly extrapolating the results of the kinetic experiments to the behaviour of YREEs in the sampled Mediterranean seawater should be considered with great caution.
The pH of the solution in each bottle was adjusted to 6.0 at the beginning of the experiments and then allowed to drift freely. After 15 days, the measured pH reached values of $7, in good agreement with evidence reported by Crovisier et al. (2003) . During suspension experiments of basalts in pure water, they observed an increase of initial pH values from 5.5 to 7.5 after 14 days at temperatures ranging from 3 to 60°C.
Each bottle was sealed and placed in a thermostatic bath at 25°C. This temperature value was chosen because it is similar to that measured in the surface waters at the sampling stations (Table 2) . One bottle was removed from the bath after 15, 30, 90 and 180 days, respectively, and the ash was separated by filtration.
The full-length of the kinetic experiment was approximately defined according to an average particle (mean diameter <50 lm) settling speed calculated by Schmidt et al. (2002) for coastal and open areas of the Mediterranean basin. The authors estimated a particle's average residence time in surface waters of about 50 days, and a following average settling speed of $1-5 m day À1 through the water column.
All samples were analysed with a high resolution HR-ICP-MS (ThermoFinniganMAT Element 2) using 0.97 nmol l À1 Rh as internal standard at the Laboratory of Geochemistry of the Department of Geology (University of Catania). This includes the eluted fractions representative of seawater from the Ionian sea and those from the kinetic experiments, as well as all the digested solutions representative of both suspended particulate matter and volcanic ash involved in the kinetic experiments.
The exponential best fit equations used to analyse the results of the leaching experiments for all the YREEs, Y/Ho ratios, and Ce anomalies were calculated using a simple least squares minimisation method (KaleidaGraph 3.6 Ò ).
RESULTS
Dissolved phase
The dissolved YREE concentrations at the six sampling stations, the geographical locations, and the measured temperature and salinity are listed in Table 2 . Fig. 1 shows that dissolved YREEs are more abundant in seawater from the southern sampling stations located closer to the centre of volcanic plume. Moreover, YREE contents progressively increase with depth in all the studied stations. YREE contents range from about 150 nmol l À1 in the shallowest waters and continuously increase up to $170 nmol l À1 in the deepest water layer ($90 m). Chondrite-normalised YREE patterns (Fig. 2) Sun and McDonough (1989). samples are very similar to those reported for the Levantine Intermediate Waters (LIW) by Bau et al. (1997) . However, their absolute Y contents are about one order of magnitude lower, ranging from 33 to 42 pmol l À1 ( Nozaki et al. (1997) in open oceanic environments (Fig. 3) .
Suspended particulate matter
The YREE concentrations of SPM are reported in Table  3 . The chondrite-normalised YREE distribution of SPM (Fig. 4) falls inside the range of analogous samples collected during the ''Juvenile 1999'' cruise (Censi et al., 2004) in the Sicily Channel. Moreover, the chondrite-normalised YREE patterns in SPM samples evidence the same LREE/HREE fractionation observed in lavas and enclosed clinopyroxene and hastingsite phenocrysts erupted during the volcanic activity of Mount Etna during 2001 (Viccaro et al., 2006) . The YREE distribution in SPM collected in the Ionian sea appears significantly weighted by leaching effects on ash present in seawater (Fig. 4) . This is suggested by the chondrite-normalised YREE pattern of a mixture of $1% fraction of pristine volcanic products and a $99% fraction of different suspended materials (basically consisting of sedimentary lithogenic products, organic debris, and authigenic materials).
The linear regression of Y/Ho ratios calculated for the SPM samples yields a slope of $61, with an average Y/ Ho ratio close to 43. These values are consistent with the linear regression line calculated for lavas, pyroxene, and amphibole phenocrysts erupted by Etna during 2001 (Fig. 3) . It is much more difficult to compare SPM samples with plagioclase phenocrysts erupted during the same eruptive activity of 2001, which do not show any systematic trend of Y/Ho ratios. 
Kinetic experiments
For the YREE contents of both the leaching solutions and leached volcanic ash, the apparent distribution coefficients (K d ) were calculated according to the expression:
The ''easy accessible fraction'' (EAF) represents the concentration ratio of a given element both in leachate and leaching solution. These were calculated according Bau et al. (1998) for the investigated trace elements, and are given in Table 4 . The YREE release from newly-formed volcanic ash under the experimental conditions discussed in Section 2.4 is well-described by a first order kinetic model. This process distinctly leads to the release of YREEs in the liquid phase. The concentration of each element in the solution during the consecutive time steps can be fitted by the expression:
where [YREE i ] SW represents the concentration value of each Rare Earth Element and Yttrium in the leaching solution. The values for kinetic constants m i are given in Table  5 . The time evolution of YREE concentrations in the dissolved phase during the kinetic experiments is shown in Fig. 5 and reported in Table 4 . During the experiments, the dissolved Y/Ho ratios progressively decrease to a final value of $43. The Ce anomaly in the dissolved phase also changes during the kinetic experiments according to the expression:
where the Ce anomaly is defined following Alibo and Nozaki (1999) by:
where subscript n indicates the normalised concentration value of each element, and Ce * is the average between the La and Pr normalised concentrations. The ratio slightly decreases to a value of 0.74 after 6 months, as shown in Fig. 5 .
DISCUSSION
Kinetic experiments
The effects of YREE release in seawater during the leaching experiments, well-fitted by Eq. (2) for Y and Ho, respectively, suggest a faster release of holmium than of yttrium (Fig. 5) . This evidence cannot be exclusively explained in terms of coherent mineral weathering because both Y and Ho, due to their similar ionic radii, undergo the same fate during the crystallisation processes of primary minerals (Shannon, 1976; Bau, 1996) . Therefore, the observed Y/Ho variations are better explained through the formation of alteration minerals, which in turn, induce different scavenging effects on these elements. At the same time, the development of the negative Ce anomaly, usually observed in seawater (Elderfield and Greaves, 1982) , also appears to be enhanced by the scavenging due to the affinity of Ce IV for particles. Therefore, the observed Y/Ho-Ce/Ce * covariance (Fig. 6 ) constitutes a geochemical signature which shows the effects of the YREE release during ash dissolution, and the differential fractionation of these elements by sorption onto newly-formed alteration products. Seawater samples from the surface layers of the Ionian sea show Y/Ho and Ce/ Ce * values (Fig. 6 ) that closely approximate the linear trend calculated for the same ion ratios measured in dissolved phase during the kinetic experiments (Ce/ Ce * = 0.25Y/Ho + 0.01; r = 0.97). This suggests that the YREE partitioning between dissolved and suspended ( Fig. 7) . Actually, europium is only partially released during the first leaching period, being preferentially incorporated in the highly-resistant plagioclase phenocrysts. This particular Eu behaviour is highlighted by the variation of the Eu anomaly, defined similarly to the Ce anomaly (Eq. (4)), as:
which ranges from 0.8 (after 15 days) to 2.2 (after 6 months). The effects of ash alteration in the experiment solution are well illustrated in Fig. 8 , where elemental maps and related BSE (back-scattered electron) images depict an evident alteration rim on the surface of a volcanic grain after 1 month of interaction with the leaching solution. The alteration rim, mainly derived from a glassy precursor, is enriched in Na, Al, K, and Ca, whereas other Mg-Fe rich mineral phases appear corrosion free. This evidence agrees with the high rate of YREE removal at the beginning of the leaching experiments because they are enclosed in poorly crystalline materials. Furthermore, the effects of ash mineralogy on the mobility of YREEs are also suggested by chondrite-normalised patterns calculated in the dissolved phase during the leaching experiments (Fig. 9) .
The change of pH values during the kinetic experiments (Fig. 10) reflects the effects of rapid glass dissolution and slow precipitation of newly-formed cryptocrystalline montmorillonite-type products, as suggested by Crovisier et al. (1987 Crovisier et al. ( , 2003 . The alteration of ash particles by rapid hydration of a pristine glassy fraction may lead to the formation of poorly crystallised (palagonitic) products, whose further ''hydration'' may be responsible for the observed pH increase during the experiment. Moreover, Oelkers and Gislason (2001) and Oelkers (2001) , showed that dissolution of volcanic glass is related to a proton-metal ion exchange on glass surfaces which directly produces a pH increase in the leaching solution.
The tendency of lanthanides to remain mainly in dissolved form is also corroborated by: (i) the lack of LREE fractionation with respect to HREE, (ii) the absence of a minimum of dissolved Pr content (Byrne and Kim, 1993; Byrne et al., 1996; Liu et al., 1997) , and (iii) the preferential Yttrium scavenging on solid matter.
Dissolved phase
Y/Ho values (mole ratio) in chondritic materials cluster around 52 (Sun and McDonough, 1989) . During primary processes, such as magma formation and related crystallisation of igneous minerals, Y shows strong geochemical similarities with HREEs from Gd to Lu (mainly Ho), due to their highly similar charges and ionic radii in solids (Shannon, 1976 ). The chemical processes that do not cause fractionation of Y with respect to Ho and HREEs are defined as ''CHARAC (CHarge And RAdius Controlled) processes'' by Bau (1996) . Conversely, if Y and Ho are involved in non-CHARAC processes, such as during aqueous reactions in which the electronic configuration of the elements plays an important role, the above mentioned Y-Ho similarities diminish because Y 3+ and Ho 3+ have different electronic external configurations, [Kr]4d 0 and [Xe]4f 10 , respectively. These non-CHARAC processes influence the YREE concentration in such a way that their normalised patterns can be subdivided into four ''segments'' (La-Nd, Pm-Gd, Gd-Ho, Er-Lu), called tetrads (Masuda and Ikeuchi, 1979) . This behaviour is called the ''tetrad effect'' and is usually associated with adsorption, co-precipitation, dissolution, complexation, and/or ligand-exchange reactions. A detailed description of the tetrad effect and its theoretical interpretation is presented by Masuda and Ikeuchi (1979) . Upward concave, W-shaped tetrad effects are observed during solid-liquid heterogeneous reactions when the character of the lanthanide/ion-ligand bond is weakly covalent.
Upward convex, M-shaped tetrad effects are interpreted as the result of increasing covalency of the REE-O bond onto the solid surface and a lowering of Racah parameters with respect to the aquo-complex system (Hotta and Ueda, 2003) . On the other hand, shape and amplitude of the tetrad effect occurring in the YREE path depicted during solid-liquid reactions can be quantified by the equation: The different minerals are labelled and glass rim and alteration products are evidenced. (Irber, 1999) . They are also influenced by competition between solution and dissolved complexation processes (Kim et al., 1991; Quinn et al., 2006) . In Eq. (6), t i is the extent of the tetrad effect, and [REE] 1À4 are the normalised REE concentrations of the first, second, third, and fourth elements of a given tetrad. Values of t i higher or lower than one identify a convex and concave tetrad effect, respectively. Similarly, Y 3+ and Ho 3+ also show different behaviour because of differences in the covalent character. Y/Ho ratios can increase above the classic value of 52 (Nozaki et al., 1997; Censi et al., 2007) due to interactions with oxygen present in the silicate minerals and aqueous ligands in seawater, and during surface complexation in heterogeneous equilibria (Bau, 1999; Quinn et al., 2004) .
The products of the Etna eruption during summer 2001 systematically show consistent averages of Y/Ho ratio. These vary from 47 ± 0.7 (for measured lavas) to 44.5 ± 5 for both clinopyroxene and amphibole phenocrysts, with the exception of plagioclase which exhibits large variations of the Y/Ho ratio from 19.5 to 40.8 (Viccaro et al., 2006) . The range of values of Y/Ho is in agreement with the range of variability of the CHARAC ratios for basalts (Y/ Ho = 44.5-70.5; Bau, 1996) . Therefore, the anomalously low Y/Ho values measured in seawater cannot directly result from ash release, but may be subsequently induced by processes causing Yttrium removal from the dissolved pool in surface waters. In particular, the effects of co-precipitation and adsorption can be assumed to be responsible for the fractionation of YREEs at the particulate-seawater interface (Balistrieri et al., 1981; De Carlo and Koeppenkastrop, 1991; De Carlo, 1992, 1993) . This is particularly evident during Mn-Fe oxyhydroxides formation, which induces a progressive increase of Y/Ho ratios in the dissolved phase to values higher than 52, due to preferential Ho scavenging effects (Bau et al., 1998; Bau, 1999; Ohta and Kawabe, 2001) . Evidence from alteration effects on the ash leached during the kinetic experiments suggest differential YREE sorption processes onto montmorillonite-type mineral surfaces that could explain the preferential removal of Y. This mechanism may be due to the preferential formation under alkaline pH conditions of Yttrium and OH À inner-sphere complexes onto particle edges of montmorillonite (Takahashi et al., 2004) .
The narrow range of variability evidenced by the Y/Ho ratios along the water column (Fig. 1) emphasises a rapid alteration of the glassy fraction present in the volcanic ash (even in the first metre of the water column). However, the results of Crovisier et al. (2003) suggest that such a rapid alteration induces an increase of specific surface area of suspended ash. These are well-reflected in the studied samples by the increase of YREE contents along the water columns.
The occurrence of alteration products on the surfaces of basaltic materials was previously well-documented and associated with the formation of nontronite and Fe-saponite (Techer et al., 2001 ). In our samples, scanning electron microscopy (SEM) and X-ray analyses of SPM show evident effects of corrosion on the volcanic ash collected in surface water layers (Fig. 11) . The alteration products of ash are clearly enriched in Al, Na, and K, suggesting a replacement of the original glassy fractions by smectitic minerals. This was suggested by Crovisier et al. (2003) and here is hypothesised from the leaching experiments. Firstly, Humphris (1984) suggested that the mobility of YREEs during weathering processes of volcanic material is mainly influenced by: (i) temperature, (ii) aptitude of newly-formed minerals to accommodate YREEs, and (iii) chemistry of the interacting fluids. Therefore, because YREE release during weathering of volcanic materials is related to lanthanide distribution coefficients during the primary crystallisation phase of existing volcanic minerals (Shibata et al., 2006) , it follows that the occurrence of poorly crystalline matter in ash represents a source of Lanthanides during weathering (Bach and Irber, 1998; Bau et al., 1998) .
In the studied ash samples, YREEs are potentially enriched in the glassy fraction and/or on the surface of the alteration minerals because they cannot be accommodated Fig. 9 . Chondrite-normalised YREE patterns calculated at the end of each period of interaction between ash and seawater. YREE abundances in chondrite are derived from Sun and McDonough (1989) . Anomalous Y/Ho ratios in coastal waters of Mediterranean Seainto the lattice of the primary minerals (Rollinson, 1993) . Consequently, they are more easily accessible to leaching (Humphris, 1984) . Moreover, the studied ash samples appear free from accessory minerals (such as phosphates), which are generally enriched in YREEs, while they are rich in clinopyroxene, Ca-rich plagioclase, olivine, and Ti-Fe spinel. Montmorillonite-type alteration products appear as adequate substrates to produce YREE fractionation in seawater. Lanthanide adsorption onto montmorillonitetype alteration products can be separated into two different modalities that depend on adsorption mechanisms: cationic exchange in interlayer position and surface complexation from silanol and aluminol groups at the edge of particles . The first process is strongly influenced by ionic strength and does not depend on pH (Coppin et al., 2002; . On the contrary, pH conditions strongly influence surface complexation that occurs with an inner-sphere mechanism (Takahashi et al., 2004; . The chondrite-normalised patterns of YREEs in our seawater samples also suggest an important contribution to the YREE fractionation effects from the alteration of volcanic SPM (Fig. 12) . In particular:
• The recorded La enrichment in seawater can be related to preferential release of light REEs from volcanic ash, as suggested by the leaching experiments and by similar results reported by Bau et al. (1998) . These authors explain this phenomenon with the occurrence of higher concentrations of LREEs in more easily alterable glassy and interstitial materials of basaltic rocks; • The observed negative Eu anomalies can be related to the characteristic Eu distribution in the plagioclase crystal structure (McKay, 1989) . Because plagioclase is one of the most chemically resistant minerals (Stefansson, 2001) , the Eu anomalies may suggest an incomplete dissolution of volcanic products in seawater; • The absence of evident tetrad effects (ranging 0.8 6 t 3 6 1.0) for the Gd-Ho tetrad suggests that dissolved REEs exist as strong dissolved complexes in the studied water masses. Under these conditions they are involved in adsorption processes on SPM surfaces as outer sphere organic complexes (Takahashi et al., 1999; Davranche et al., 2004 Davranche et al., , 2005 , or are subjected to competition between carbonate complexation and surface complexation on surface of suspended particles (Quinn et al., 2006) .
Suspended particulate matter (SPM)
Chondrite-normalised YREE patterns calculated for SPM confirm the general picture that emerges from the analysis of the dissolved fraction with regard to the origin of these elements and their fate during weathering of volcanic ash in seawater. These patterns record the dissolution of pyroclastic materials coming from Mount Etna through the occurrence of tetrad effects in Gd-Ho interval. The t 3 amplitude in SPM collected from surface waters falls between 1.17 6 t 3 6 1.22, and is higher than that occurring in the co-existing seawater. Evidence of early REE release by selective dissolution of fresh ash components is progressively overprinted by a more complete dissolution of pyroxene, olivine, and finally plagioclase, as particles sink along the water column. The progressive dissolution of volcanic ash is accompanied by a decrease in the tetrad effect in SPM that ranges from 1.20 to 1.25 in surface waters, to about 1.05-1.00 in deeper layers. This suggests a direct relationship between the tetrad effect and the S/V ratio, which decreases along the water column. Also, the classic effect reported by Monecke et al. (2002) of coupled M-shaped and W-shaped tetrad effects recorded in SPM and seawater, respectively (Fig. 12) , implies a strong relationship between weathering of volcanic ash and YREE enrichment in seawater.
CONCLUSIONS
Input of lithogenic material is one of the most important sources of Lanthanides (Yttrium and REEs) in Mediterranean seawater. This study demonstrates that the delivery of large amounts of pyroclastic products from the explosive activity of Mount Etna during the last few years may have modified the distribution of these trace elements in the seawater of the investigated area (Ionian Sea). Dissolution of ash and formation of alteration minerals in SPM both seem to alter the distribution of YREEs in seawater. The availability of both altered pyroclastic material and large amounts of newly formed clay materials in SPM causes large LREEs/HREEs fractionation.
The anomalously low Y/Ho ratios recorded in seawater are explained in terms of Y transfer to surfaces of alteration products. Significant M-type tetrad effects are observed only in chondrite normalised SPM patterns, suggesting that this material represents a source of REEs to the seawater. Limited scavenging of REEs takes place on the surfaces of weathered volcanic mineral particles by generation of weak outer-sphere surface complexes unable to produce significant W-type tetrad effects in the Gd-Ho range in the dissolved phase. Finally, Yttrium that, in alkaline conditions, forms OH-inner-sphere complexes on particle edges of montmorillonite-type structures, decouples with respect to Ho and allows the dissolved phase to assume anomalously low Y/Ho ratios. 6 . YREE abundances in chondrite are derived from Sun and McDonough (1989) . The t 3 value for the tetrad effect in the Gd-Ho range is reported.
